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GENERATOR WITH DUAL CYCLOCONVERTER FOR 120/240 VAC 

OPERATION 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application claims the benefit of U.S. Provisional 
Application No. 60/440,959, filed on January 17, 2003. 

FIELD OF THE INVENTION 
[0002] The present invention relates to portable generators, and more 
particularly, a portable generator using cycloconverters that has a 120 VAC 
mode of operation and a 240/120 VAC mode of operation. 



BACKGROUND OF THE INVENTION 
[0003] Present day portable generators typically make use of a 
synchronous alternator or cycloconverter for providing the desired power output, 
which is typically 120 VAC or 240 VAC. Important considerations for any 
portable generator are: 

Voltage regulation; 
Dual voltage output capability; 
Idle voltage and frequency; 
Frequency tolerance; 
Harmonic distortion: 

Induction motor operation 
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Charger operation 
Grounding configuration; 
4-blade (1 20-240 volt) twist-lock compatibility; 
Response to load changes; and 
Size and weight. 

[0004] With regard to idle voltage and frequency, it is far easier to 
provide 120 volts and 60 Hz at idle using electronic solutions (i.e., inverter 
technology) than it is with synchronous alternators. However, sufficient voltage 
"head room" is still required. This higher voltage requires more turns in the 
alternator coils resulting in an increased coil resistance and reduced system 
efficiency. 

[0005] Harmonic distortion present in the output waveform of a portable 
generator is another important consideration that must be addressed. While 
waveform purity is of little importance to constant speed universal motor-powered 
portable power tools, it is an important consideration when running induction 
motors and chargers. Induction motors will run on distorted waveforms, but the 
harmonic content of the input will be converted to heat, not torque. The extra 
heating from the harmonics must be quantified if a inverter topology which 
produces a distorted waveform is to be implemented. A sine wave pulse width 
modulated (PWM) inverter will produce excellent waveforms with only some high 
frequency noise, but they are likely to require full H-bridges which, traditionally, 
have not been easily adaptable to the North American grounding convention and 
the 4-blade twist-lock wiring convention. 
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[0006] With regard to grounding configurations, in North America, the 
standard grounding convention requires that one side (neutral) of each 120 volt 
circuit is grounded. This means that 240 volt circuits have floating grounds. 

[0007] Still another important consideration is 4-blade (120-240 volt) 
twist lock compatibility. This convention requires four wires: ground, neutral, 120 
volt line 1 and 120 volt line 2. Each 120 volt circuit is connected between a 120 
volt line and neutral. The 240 volt circuit is connected between the 120 volt line 1 
and the 120 volt line 2. 

[0008] The ability of a generator to respond to load changes is still 
another important consideration. All inverter topologies will provide a faster 
response to load changes than a synchronous alternator, due to the large field 
inductance used by a synchronous alternator. 

[0009] Concerning size and weight, it would also be desirable to make 
use of inverter topology because virtually any inverter topology will provide size 
and weight benefits over that of a synchronous alternator. However, trying to 
produce sine waves from a two half bridge circuit may require large capacitors 
that would reduce the benefit of volume reduction provided by the inverter 
topology. 

[0010] Cycloconverters have been used in generator systems to 
convert the AC voltage generated by the generator to the desired AC output 
voltage. Electrical systems using cycloconverters typically have an AC voltage 
source to the cycloconverters that is fairly stiff (low source impedance). 
Consequently, the AC phasing information for commutation of the SCRs of the 
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cycloconverters can be directly derived from the 3-phase AC voltages provided to 
the cycloconverters. Suitable filtering is necessary to remove the commutation 
notches introduced by SCR switching/commutation. However, permanent 
magnet generators provide a very soft AC source in that they have significant 
series reactance. This presents two problems for control of the SCRs of the 
cycloconverter in a generator systems using a permanent magnet generator. 
First, the AC voltage waveforms are significantly disturbed by the switching of the 
SCRs of the cycloconverter and thus would require significant filtering. Second, 
the reactance of the permanent magnet generator introduces a significant phase 
shift between the back-emf voltage waveforms of the permanent magnet 
generator (which cannot be measured) and the AC voltages at the outputs of the 
permanent magnet generator (terminal voltages), especially as the generator 
system is loaded. This load dependent phase shift can't be eliminated by a 
simple filter. 

[001 1] Generators having two isolated 120 VAC outputs that can be 
switched between 120 VAC parallel connection mode (120 VAC mode) to a 240 
VAC series connection mode (240/120 VAC mode) would typically use a multi- 
pole switch, as shown in Fig. 10. With reference to Fig. 10, generator system 
1000 is shown as having two isolated 120 VAC sources 1002, 1004, which could 
be cycloconverters such as cycloconverters 42, 44 described below. Generator 
system 1000 also has a 120 VAC output, shown illustratively as resistance 1006, 
a 240 VAC output, shown illustratively as resistance 1008, and a switch 1010 
that switches generator system 1000 between the 120 VAC parallel connected 
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mode where sources 1002 and 1004 are connected in parallel and the 240 VAC 
series connected mode where sources 1002 and 1004 are connected in series. 

[0012] Positive output 1014 of 120 VAC source 1004 is connected 
to ground and to one side of 120 VAC output 1006. Negative output 1018 of 120 
VAC source 1004 is coupled to the other side of 120 VAC output 1006 and to 
one side of 240 VAC output 1008. Switch 1010 switches positive output 1012 of 
120 VAC source 1002 and negative output 1016 of 120 VAC source 1002 to 
switch 120 VAC sources 1002, 1004 between the 120 VAC parallel connected 
mode and the 240/120 VAC series connected mode as described below. 

[0013] Switch 1010 is a multi-pole switch, such as a double pole 
relay, as shown in Fig. 10. When in the parallel connected 120 VAC mode, 
positive output 1012 of 120 VAC source 1002 is connected to positive output 
1014 of 120 VAC source 1004, and thus to ground, by switch 1010 and negative 
outputs 1016, 1018 of sources 1002, 1004, respectively are connected together 
by switch 1010. 120 VAC is provided at 120 VAC output 1006 by the parallel 
connected 120 VAC sources 1002, 1004. 

[0014] In the 240 VAC series connected mode, positive output 1012 
of 120 VAC source 1002 is connected through switch 1010 to the other side of 
240 VAC output 1008, with the first side of 240 VAC output 1008 connected to 
the negative output 1018 of 120 VAC source 1004 as described above. The 
negative output 1016 of 120 VAC source 1002 is connected through switch 1010 
to ground. 120 VAC is provided at 120 VAC output 1006 by 120 VAC source 
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1004 and 240 VAC is provided at 240 VAC output 1008 by the series connected 
120 VAC sources 1002, 1004. 

SUMMARY OF THE INVENTION 
[0015] A generator system in accordance with the invention has at 
least two modes of operation where a first output voltage is provided in the first 
mode and the first output voltage and a second output voltage is provided in the 
second mode. The second output voltage is twice the first output voltage. In an 
embodiment, the first output voltage is nominally 120 VAC and the second output 
voltage is nominally 240 VAC. The generator system has a permanent magnet 
generator with two independent sets of windings that each generate a three 
phase AC voltage. One three phase AC voltage is coupled to a first or master 
cycloconverter and the second three phase AC voltage is coupled to a second or 
slave cycloconverter. Live outputs of the cycloconverters are coupled to each 
other through a switch, such as a relay, and neutral outputs of the 
cycloconverters are coupled to ground. A controller controls the cycloconverters 
to provide the first output voltage, illustratively 120 VAC, across their respective 
live and neutral outputs. When in the first mode, such as the 120 VAC mode, the 
switch across the live outputs of the first and second cycloconverters is closed, 
shorting the live outputs of the first and second cycloconverters together and the 
controller operates the first and second cycloconverters so that their output 
voltages are in-phase with each other. When in the second mode, such as the 
240/120 VAC mode, the switch across the live outputs of the first and second 
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cycloconverters is open and the controller operates the first and second 
cycloconverters so that their output voltages are 1 80 degrees out of phase. This 
provides the first output voltage, illustratively 120 VAC, across the live and 
neutral outputs of each of the first and second cycloconverters and the second 
output voltage that is twice the first output voltage, illustratively 240 VAC, across 
the live outputs of the first and second cycloconverters. In an aspect of the 
invention, the switch is a single-pole switch such as a single pole relay. 

[0016] In an aspect of the invention, the cycloconverters are 
phase-controlled by the controller and naturally commutated. 

[0017] In an aspect of the invention, the permanent magnet generator 
has rotor position sensors that sense the position of a rotor of the permanent 
magnet generator as it rotates. Outputs of these rotor position sensors are input 
to the controller which uses them to generate control wave information that it 
uses to control the cycloconverters, illustratively cosine control waves 

[0018] In an aspect of the invention, the cycloconverters have a 
positive bank and a negative bank of naturally commutated switching devices 
such as silicon controlled rectifiers (SCRs). In an aspect of the invention, each 
SCR includes an SCR/opto-SCR combination having an SCR and an opto-SCR 
where the opto-SCR is coupled to a gate of the SCR and used to trigger or 
control the SCR. 

[0019] In an aspect of the invention, voltages across the SCRs of the 
positive and negative bank of each of the cycloconverters are sensed and used 
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to determine when the respective cycloconverter bank is in a zero current 
condition. 

[0020] In an aspect of the invention, changeover from a positive to a 
negative bank of a cycloconverter is initiated by a bandpass filter of 
instantaneous current of the cycloconverter, changeover being initiated when the 
bandpass filtered instantaneous current transitions about zero, such as by falling 
within a predetermined range about zero. 

[0021] Further areas of applicability of the present invention will 
become apparent from the detailed description provided hereinafter. It should be 
understood that the detailed description and specific examples, while indicating 
the preferred embodiment of the invention, are intended for purposes of 
illustration only and are not intended to limit the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0022] The present invention will become more fully understood from 

the detailed description and the accompanying drawings, wherein: 

[0023] Fig. 1 is simplified schematic of a generator system in 

accordance with the invention; 

[0024] Fig. 2 is a simplified power system diagram of the generator 

system of Fig. 1 ; 

[0025] Fig. 3 is a timing diagram for control of a cycloconverter of the 
generator system of Fig. 1 ; 
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[0026] Fig. 4 is a simplified schematic of circuit logic for initiating 
changeover between a positive and negative bank of a cycloconverter of the 
generator system of Fig. 1 ; 

[0027] Fig. 5 is a simplified schematic of circuit logic for voltage control 
of the generator system of Fig. 1 ; 

[0028] Fig. 6 is a flow chart showing the development of cosine wave 
information from outputs of rotor position sensors of a permanent magnet 
generator of the generator system of Fig. 1 ; 

[0029] Fig. 7 is a simplified schematic of an SCR/opto-SCR 
combination used in a cycloconverter of the generator system of Fig. 1 ; 

[0030] Fig. 8 is a schematic of a voltage sensing circuit that senses the 
voltages across the SCRs of a cycloconverter of the generator system of Fig. 1 ; 

[0031] Fig. 9 is a simplified schematic of a brushless DC motor drive 
circuit that can be used in starting the generator system of Fig. 1 ; and 

[0032] Fig. 10 is a simplified schematic of a prior art multi-pole 
switching arrangement for switching two 120 VAC sources between parallel and 
series connected modes. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0033] The following description of the preferred embodiment(s) is 

merely exemplary in nature and is in no way intended to limit the invention, its 

application, or uses. 
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[0034] Referring to Fig. 1, a generator system 10, switchable between 
first and second modes of operation is shown schematically. In the first mode, 
the generator system 10 produces a first output voltage and in the second mode, 
the generator system 10 produces two output voltages, the first output voltage 
and a second output voltage that is twice the first output voltage. In an 
embodiment, the first output voltage is nominally 120 VAC and the second output 
voltage is 240 VAC and the first mode is then alternatively referred to as the 120 
VAC mode and the second mode is alternatively referred to as the 240/120 VAC 
mode. In this embodiment, the first output voltage is referred to as being 
nominally 120 VAC to mean that it is the standard AC voltage used in the United 
States for light appliances and devices, such as lamps, power tools, etc. The 
reference to the second output voltage as being nominally 240 VAC is so that it is 
twice the nominal first output voltage of 120 VAC. 

[0035] Generator 10 has an engine 12, illustratively an internal 
combustion engine, that drives a generator 14, which is illustratively a permanent 
magnet generator and which will be referred to herein as permanent magnet 
generator 14. Permanent magnet generator 14 has a rotor 15 with permanent 
magnets and a stator with two independent/isolated sets of three-phase windings 
200, 202 (Fig. 2). Permanent magnet generator 14 also includes rotor position 
sensors 16, 18, 20, illustratively hall effect transducers, that sense the position of 
a rotor (not shown) of permanent magnet generator every 120 degrees electrical. 
The hall effect transducers are illustratively the hall effect transducers provided 
as part of permanent magnet generator 14 to enable it to be driven as a 
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brushless DC motor to start engine 12, as described below and as described in 
Starter System for Portable Internal Combustion Engine Electric Generators 
Using a Portable Universal Battery Pack, U.S.S.N. 60/386,904, filed June 6, 
2002, the disclosure of which is incorporated herein in its entirety by reference. 
Outputs of the rotor position sensors 16, 18, 20 are coupled to inputs of a 
controller, such as a digital signal processor (DSP) 28. 

[0036] Permanent magnet generator 14 generates two separate three- 
phase voltages at first set of outputs 30, 32, 34 and second set of outputs 36, 38, 
40. The outputs 30, 32, 34 at which the first three phase voltage is generated 
are coupled to a first (Master) AC power converter 42 and the second set of 
outputs 36, 38, 40 are coupled to a second (Slave) AC power converter 44. In an 
embodiment of the invention, AC power converters 42 and 44 are 
cycloconverters and will be referred to herein as cycloconverters. Each 
cycloconverter 42, 44 is controlled by DSP 28 to convert the respective three 
phase voltage coupled to it to an independent and isolated 120 VAC 60 Hz 
voltage at their respective outlets 56, 58. It should be understood that a 
controller other than a digital signal processor can be used, such as a 
microcontroller. It should also be understood that permanent magnet generator 
14, DSP 28 and cycloconverters 42, 44 can be configured to produce other 
voltages and frequencies, 1 15VAC or 50 Hz for example, for markets outside the 
U.S., without significant hardware changes. Cycloconverters 42, 44 and their 
control by DSP 28 will be described in more detail below. Also, in an 
embodiment, a DSP 28 is provided for each of cycloconverters 42, 44. 
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[0037] A switch 46, illustratively a single-pole relay, is coupled across 
a live output 48 of first cycloconverter 42 and a live output 50 of cycloconverter 
44. Neutral outputs 52, 54 of first and second cycloconverters 42, 44, 
respectively, are coupled to ground. Live output 48 of first cycloconverter 42 is 
coupled to a live output 55 of outlet 56 and a neutral output 52 of first 
cycloconverter 42 is coupled to a neutral output 57 of outlet 56. Live output 54 of 
second cycloconverter 44 is coupled to a live output 59 of outlet 58 and neutral 
output 50 of second cycloconverter 44 is coupled to a neutral output 61 of outlet 
58. 

[0038] This configuration provides for two modes of operation for 
generator system 10, 120 VAC and 240/120 VAC in an embodiment of the 
invention. In the 120 VAC mode, switch 46 is closed, paralleling the live outputs 
48, 50 of first and second cycloconverters 42, 44, providing increased current 
output at outlets 56, 58 of generator system 10 compared to the 240/120 VAC 
mode. In the 240/120 VAC mode, first and second cycloconverters 42, 44 are 
controlled by DSP 28 so that the voltages output by the cycloconverters 42, 44 
across their respective live outputs 48, 50 to respective neutral outputs 52, 54 
are 180 degrees out of phase with each other to enable single point series 
connection for 240 VAC operation. This provides 240 VAC at outlet 60 of 
generator system 10 and 120 VAC at each of outlets 56, 58. In the 120 VAC 
mode, first and second cycloconverters 42, 44 are controlled by DSP 28 so that 
the voltages output by the cycloconverters 42, 44 are in-phase with each other. 
Having the voltages output by first and second cycloconverters 42, 44 in-phase 



12 



Attorney Docket No. 0275L-000675 

with each other ensures that no circulating current flows between first and 
second cycloconverters 42, 44 and thus allows load sharing between them 
provided that the output voltages of each of first and second cycloconverters 42, 
44 have the same amplitude. In the 120 VAC mode, 120 VAC is provided at the 
outlets 56, 58 of first and second cycloconverters 42, 44, respectively, and outlet 
60 is shorted by switch 46. Operating cycloconverters 42, 44 in this manner 
allows switch 46 to be a single-pole switch, such as a single pole relay. 

[0039] It should be understood that this technique of operating the two 
sources of 120 VAC in phase when they are connected in parallel for the 120 
VAC mode and 180 degrees out of phase when they are connected in series for 
the 240/120 VAC mode can be used with 120 VAC sources having AC power 
converters other than cycloconverters, such as (by way of example and not of 
limitation) with inverter circuits or H-Bridge circuits as disclosed in USSN 
10/0772129 filed February 15, 2002 for "Alternator/Inverter with Dual H-Bridge" 
and in USSN 10/10/077386 filed February 15, 2002 for "Alternator/Inverter with 
Dual H-Bridge and Automatic Voltage Regulation". The disclosures of these two 
applications are incorporated herein in their entirety by reference. 

[0040] Fig. 2 shows in simplified form an overall power system diagram 
of generator system 10. Permanent magnet generator 14 has, as mentioned, 
two independent sets of three phase windings, windings 200, 202. Illustratively, 
permanent magnet generator 14 has a nominal 106 VAC RMS phase voltage (to 
neutral/star point), 240 Hz electrical at the shaft or rotor, with a phase inductance 
of 0.7 milli-Henry. It should be understood that permanent magnet generator 14 
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could be configured so that nominal output values are different. The windings of 
three phase windings 200 are identified as and d and the windings of 

three phase windings 202 are identified as A 2> B 2 and C 2 . Cycloconverter 42 
illustratively has two banks of switching devices, positive bank 204 and negative 
bank 206 and cycloconverter 44 also illustratively has a positive bank 208 and a 
negative bank 210 of switching devices. In an aspect of the invention, the 
switching devices are naturally commutated switching devices, such as silicon 
controlled rectifiers. But it should be understood that other types of naturally 
commutated switching devices can be used. Each bank 204, 206, 208, 210 
illustratively has six silicon controlled rectifiers. The positive and negative banks 
204, 206, 208, 210 of first and second cycloconverters 42, 44, respectively, form 
a non-circulating current 6-pulse system. Non-circulating refers to the mode of 
operation where the positive and negative banks of each cycloconverter 42, 44 
do not conduct at the same time. That is, when the current out of a 
cycloconverter 42, 44 is positive, only the positive bank 204, 208, respectively, of 
the cycloconverter 42, 44 conducts and when the current out of a cycloconverter 
42, 44 is negative, only the negative bank 206, 210, respectively, of the 
cycloconverter 42, 44 conducts. As such, the positive and negative banks 204 
and 206 of cycloconverter 42 are operated so that they do not conduct at the 
same time and the positive and negative banks, 208, 210 of cycloconverter 44 
are also operated so that they do not conduct at the same time. 

[0041] Cycloconverters 42, 44 each have an output filter capacitor 212, 
214 coupled across their respective 120 VAC outputs, shown representatively as 
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resistances 216, 218. The 240 VAC output is shown representatively as 
resistance 220. Illustratively, filter capacitors 212, 214 are 40 microfarad 
capacitors and 120 VAC outputs 216, 218 of cycloconverters 42, 44 each have a 
3.6 Kw capacity when permanent magnet generator 14 has the nominal output 
values referenced above. 

[0042] When generator system 10 is in the 120 VAC mode, DSP 28 
controls cycloconverter 42, 44 so that their output voltages are in phase with 
each other and when generator system 10 is in the 240/120 VAC mode, 
cycloconverters 42, 44 are controlled so that their output voltages are 180 
degrees out of phase. Thus, only the operation of cycloconverter 42 will be 
described. In this regard, the silicon controlled rectifiers of the positive bank 204 
of cycloconverter 42 are identified as AT+, BT+, CT+, AB+, BB+ and CB+. The 
silicon controlled rectifiers of the negative bank 206 of cycloconverter 42 are 
identified as AT-, BT-, CT-, AB-, BB- and CB-. 

[0043] Turning to Figs. 2 and 3, the control of cycloconverter 42 is 
described. Cycloconverter 42 is controlled by DSP 28 using conventional cosine 
control. The inputs to DSP 28 are the three-phase electrical outputs 30, 32, 34 of 
windings A^ Bt and Ci of permanent magnet generator 14, the back-emf voltage 
waveforms of the windings of A 1f Bi and Ci of permanent magnet generator 14, 
and the output AC voltage and current of cycloconverter 42 as output to filter 
capacitor 212 and 120 VAC output 216, and the load in terms of impedance and 
power factor. Since the back-emf voltage waveforms of permanent magnet 
generator 14 are not practically measurable, in an aspect of the invention, signals 
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from rotor position sensors 16, 18 and 20 are used by DSP 28 to simulate the 
back-emf voltage waveforms and develop the control wave information 
(illustratively, cosine control waves) for firing control of the silicon controlled 
rectifiers of positive and negative banks 204, 206 of cycloconverter 42, as 
described in more detail below. (The terms waveforms and waves are used 
interchangeably herein. Also, it should be understood that a wave may be digital 
data representative of the wave as well as an analog signal.) 

[0044] Each SCR is controlled in terms of the turn-on instant, but turn- 
off is controlled by turning on another SCR that reverse biases the first SCR, a 
process known as natural commutation. The SCRs of positive bank 204 can be 
turned on only when the output current from the SCR's AT-, BT-, CT-, AT+, BT+ 
and CT+ is positive. With reference to the timing diagram of Fig. 3, the three 
SCRs identified as AT+, BT+ and CT+ are fired in a continuing sequence (AT+, 
BT+, CT+ and starting the sequence again with AT+) by a 3-bit ring counter 
implemented in DSP 28 as long as the output current from the SCR's AT-, BT-, 
CT-, AT+, BT+ and CT+ of cycloconverter 42 is positive. The three SCRs 
identified as AB+, BB+ and CB+ are also fired in a perpetual sequence by a 
second 3-bit ring counter implemented in DSP 28 as long as the output current 
from the SCR's AT-, BT-, CT-, AT+, BT+ and CT+ of cycloconverter 42 is 
positive. The transitions sequencing the two 3-bit ring counters implemented in 
DSP 28 are the comparison points comparing a reference voltage wave 300 
(AT+, BT+, CT+) and an inverse reference voltage wave 302 (AB+, BB+, CB+) of 
reference voltage wave 300, both generated by DSP 28, to the corresponding 
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cosine wave of the back-emf voltages of windings Ai, Bi and Ci of permanent 
magnet generator 14. For purposes of clarity, Fig. 3 shows only a full cycle of 
the cosine wave 304 used to control AT+, which is the cosine wave of the 
winding A, voltage (i.e., the inverted Bt voltage), and partial cycles of the cosine 
waves 306, 308 used to control BT+ and CT+. As shown in Fig. 3, when positive 
bank 204 is enabled, AT+ is triggered when the cosine wave 304 becomes 
positive with respect to reference voltage wave 300. BT+ is then triggered when 
the cosine wave 306 becomes positive with respect to reference voltage wave 
300. BT+ turning on reverse biases AT+, turning it off. Similarly, CT+ is then 
triggered when cosine wave 308 becomes positive with respect to reference 
voltage wave 300 and reverse biases BT+, turning it off. AB+, BB+ and CB+ are 
comparably controlled. The turn-on sequence for one electrical cycle of 
permanent magnet generator 14 where the output current from the SCR's AT-, 
BT-, CT-, AT+, BT+ and CT+ of cycloconverter 42 is positive is AT+, CB+, BT+, 
AB+, CT+ and BB+. In this regard, AT+, BT+ and CT+ each stay on until they 
are reversed biased by the next AT+, BT+ and CT+ turning on. Each of AB+, 
BB+ and CB+ similarly stay on until they are reverse biased by the next AB+, 
BB+ and CB+ turning on. Thus, there is always one of AT+, BT+ and CT+ on 
and one of AB+, BB+ and CB+ on at the same time when positive bank 204 is 
enabled. 

[0045] Negative bank 206 of cycloconverter 42 is controlled in a similar 
arrangement. The SCRs of negative bank 206 can be turned-on only if the 
output current from the SCR's AT-, BT-, CT-, AT+, BT+ and CT+ of 
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cycloconverter 42 is negative. The turn-on sequence for one electrical cycle 
where the output current from the SCR's AT-, BT-, CT-, AT+, BT+ and CT+ of 
cycloconverter 42 is negative is AT-, CB-, BT-, AB-, CT- and BB-. 

[0046] Illustratively, comparators are implemented in DSP 28 that 
compare the cosine wave information for the cosine waves, such as cosine 
waves 304, 306, 308, to the reference voltage wave information for the reference 
voltage waves, such as reference voltage waves 300, 302, and, along with the 3- 
bit ring counters implemented in DSP 28, provide the above described control of 
positive and negative banks 204, 206 of cycloconverter 42. Comparable control 
of cycloconverter 44 is also implemented in DSP 28. 

[0047] As mentioned, signals from rotor position sensors 16, 18 and 20 
are used by DSP 28 to simulate the back-emf voltage waveforms and develop 
the cosine wave information for firing control of the SCRs of positive and 
negative banks 204, 206 of cycloconverter 42 and also for positive and negative 
banks 208, 210 of cycloconverter 44. A typical brushless DC motor drive for low 
speed, high torque applications (used to start engine 12 of generator system 10 
in an aspect of the invention described below) requires three hall effect 
transducers installed within the motor to sense the position of the rotor. These 
hall effect transducers provide on/off logic signals which provide the phase 
relationship for the 3-phase excitation of the motor. Normally, each hall effect 
transducer provides a transition (e.g., logic 0 to 1) at the zero degree electrical 
and 180 degree electrical (e.g., logic 1 to 0 transition) of the motor for each of the 
three phase line voltages. Therefore, the output of each hall effect transducer is 
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displaced 120 degrees from the outputs of the other two hall effect transducers 
so that the three hall effect transducers provide six transitions per rotation of the 
rotor of permanent magnet generator 14. 

[0048] The signals generated by the hall effect transducers that 
illustratively are rotor position sensors 16, 18, 20, can directly represent the 
phasing of the output voltages of permanent magnet generator 14 when 
permanent magnet generator 14 is driven by engine 12. Rotor position sensors 
16, 18, 20 will sometimes be referred to hereinafter as hall effect transducers 16, 
18, 20. Importantly, the signals generated by hall effect transducers 16, 18, 20 
directly represent the back-emf voltage phasing of permanent magnet generator 
14 and this information is used to control the commutation of the SCRs in 
cycloconverters 42, 44. Using hall effect transducers 16, 18, 20 in this manner 
eliminates the need for filtering with zero phase shift using terminal voltage 
information (the voltages at the outputs 30, 32, 34, 36, 38, 40) of permanent 
magnet generator 14, and eliminates the need to compute the back-emf voltages 
from the actual terminal voltages of permanent magnet generator 14 {i.e., 
computation of the internal phase shift of permanent magnet generator 14 
caused by load current and internal reactance). Moreover, since hall effect 
transducers 16, 18, 20 are illustratively the hall effect transducers used for 
starting engine 12 when using a brushless DC motor drive to drive permanent 
magnet generator 14, no additional hall effect transducers are needed. 

[0049] Turning to Figure 6, logic that is illustratively used in DSP 28 to 
develop the cosine control wave information for use in controlling the 
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commutation of the SCRs of cycloconverters 42, 44 is described. The periods of 
each hall effect transducer 16, 18, 20 are measured (using rising edges only) at 
600, 602, 604 to establish a period ("Hall period"). This Hall period is updated on 
each rising edge of a hall effect transducer 16, 18, 20. At 606, the Hall period is 
divided by 84 to establish a period for a timer so that the timer will have 84 
overflows per Hall period, i.e., time out 84 times per Hall period. At 608, each 
timer overflow resets the timer to zero and increments a counter ("Hall period 
counter") by one. 

[0050] The value of the Hall period counter, the value of the Hall period 
counter plus an offset of 28 (120 degrees electrical) and the value of the Hall 
period counter plus an offset of 56 (240 degrees electrical) are then used as 
pointers into a sine wave look-up table having 84 entries. The three entries in 
this sine wave look-up table pointed to by these pointers are read from the sine 
wave look-up table at 616 and at 618 these three values become the cosine 
values that are compared to the reference voltage wave, such as reference 
voltage wave 300, to control the commutation of the SCRs of cycloconverter 42. 
Cycloconverter 44 is similarly controlled. 

[0051] With reference to Fig. 4, bank selection and changeover control 
in accordance with an aspect of the invention is described. As mentioned, for 
each cycloconverter 42, 44, only its positive bank 204, 208 or negative bank 206, 
210 can be on at any given time. Bank selection and changeover control of 
cycloconverters 42, 44 is done identically, so it will be described with reference to 
cycloconverter 42. 
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[0052] Assuming that the output voltage at output 216 of 
cycloconverter 42 is a sine wave with a frequency of 60 Hz, positive and negative 
banks 204, 206 are each on for one-half period of the 60 Hz cycle. Which of the 
positive and negative banks 204, 206 that is conducting is determined by the 
polarity of the output current from the SCR's AT-, BT-, CT-, AT+, BT+ and CT+, 
which for the purposes of this discussion is assumed to be at the same 60 Hz 
frequency but with a power factor dependent on load. 

[0053] The selection of positive and negative banks 204, 206 (i.e., 
which one is enabled so that its SCRs can be triggered to conduct and which one 
is disabled so that its SCRs cannot be triggered to conduct) is determined from 
the measured instantaneous output current of cycloconverter 42 to filter capacitor 
212 and output 216. This instantaneous current is filtered, illustratively by 
bandpass filter 400, to eliminate current ripple and to ensure that the 
fundamental 60 Hz component of the signal output by bandpass filter 400 does 
not have any phase-shift relative to the instantaneous current. Illustratively, 
bandpass filter 400 is a 2-pole 60 Hz bandpass filter having a Q of 2. The filtered 
current signal output from bandpass filter 400 is then input to a comparator 402. 
Comparator 402 is illustratively a hysteresis comparator, illustratively having a 
negative hysteresis with switching levels of either +0.1 A or -0.1 A. The output of 
comparator 402 determines whether the fundamental 60Hz current to filter 
capacitor 212 and output 216 of cycloconverter 42 is positive or negative. 
Comparator 402 switches from positive to negative when the filtered current 
signal output by bandpass filter 400 drops below +0.1 A and switches from 
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negative to positive when the filter current signal output by bandpass filter 400 
increases above -0.1 A. When comparator 402 switches from positive to 
negative, DSP 28 disables positive bank 204 of cycloconverter 42 and, following 
a delay of 1 0Omicroseconds after an actual output current zero is detected, 
enables negative bank 206 of cycloconverter 42. As such, no more trigger 
pulses are fed to the gate terminals of the SCRs in positive bank 204. However, 
the SCRs in the positive bank 204 that are conducting when this transition occurs 
will continue to conduct until a true current zero occurs. At this point, they will be 
reversed biased and turn off. Conversely, when comparator 402 switches from 
negative to positive, DSP 28 disables negative bank 206 of cycloconverter 42, 
and, following a delay of 1 0Omicroseconds after an actual output current zero is 
detected, enables positive bank 204. As was the case with positive bank 204, 
the SCRs in negative bank 206 that are conducting when this transition occurs 
will continue to conduct until a true current zero occurs, at which time they are 
reversed biased and turn off. 

[0054] The true current zero condition may be sensed by comparator 
404. Comparator 404 is illustratively a two-window comparator that determines 
when the actual output current (not the filtered fundamental current) drops within 
a window of +/- 25 mA. Comparator 404 illustratively has first and second 
comparators 406, 408 having their outputs coupled to inputs of an AND gate 410. 
A positive input of comparator 406 is coupled to a +25 mA reference and a 
negative input of comparator 408 coupled to a -25 mA reference. The current 
output to filter capacitor 212 and output 216 of cycloconverter is coupled to a 
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negative input of comparator 406 and to a positive input of comparator 408. 
When the output current falls within the +/- 25 mA window, the outputs of both 
comparators 406, 408 will be positive, resulting in the output of AND gate 41 0 
being positive, indicating a true current zero. In an aspect of the invention 
described below, the true current zero condition is sensed indirectly by sensing 
the voltages across the SCRs of cycloconverters 42, 44. 

[0055] Once this true zero current condition is detected, a delay is 
imposed, illustratively, 100 microseconds, to ensure that the SCRs presently 
conducting have enough time to turn off. After this delay, change over from 
positive bank 204 to negative bank 206 (or vice-versa) occurs. 

[0056] It should be understood that the above bank changeover control 
logic is illustratively implemented in DSP 28. However, it should also be 
understood that all or portions of the above bank changeover control could be 
implemented using discrete components, such as using voltage sensing circuit 
800 to indirectly determine the true current zero condition, as described below. 

[0057] For a generator system, the output voltage is a sinusoidal 
waveform having the voltage and frequency required by of the country where it is 
used, for example, 120 VAC, 60Hz in the United States. A scaled equivalent(s) 
of this waveform, for example, waves 300, 302 in Fig. 3, is used in the control of 
the SCRs of cycloconverter 42 (and cycloconverter 44). However, some form of 
output voltage control is needed owing to the fact that the voltage generated by 
generator system 10 (Fig. 1) is directly proportional to the speed at which the 
rotor of permanent magnet generator 14 is spinning and that the load on 
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permanent magnet generator 14 causes a voltage drop across a phase 
reactance of permanent magnet generator 14. 

[0058] Fig. 5 shows an illustrative voltage control implemented in DSP 
28. The instantaneous output voltage (Vout) of generator system 10 is measured 
and input into DSP 28. The absolute value of Vout is then filtered and, after 
being suitably scaled, is used as the feedback term in a proportional feedback 
loop. The filter that filters the absolute value of Vout is illustratively a 2-pole low 
pass filter with a cut-off frequency of 3.2 Hz and a Q of 0.25. The output of this 
filter is an average value of the absolute value of Vout with the 60Hz/120Hz 
components removed. The scaling factor used to scale the output of this filter is 
illustratively 0.00926 such that a value of 1.0 corresponds to a sinusoidal AC 
output voltage of 120 VAC RMS. 

[0059] The input reference, Vref, to the feedback loop is the average 
value of the reference voltage wave generated by DSP 28 and is assigned a 
value of 1.0, such as reference voltage wave 300 (Fig. 3), which corresponds to 
a 120 VAC 60 Hz sine wave. The output (Vc) of the proportional feedback loop 
is used to directly control the effective magnitude of the cosine waves for SCR 
firing control, such as cosine waves 304, 306, 308 (Fig. 3). The proportional gain 
used is 16, where a proportional output at Vc of 1.0 produces the maximum 
output voltage at the output of cycloconverters 42, 44. A proportional output 
value at Vc of 2.0 produces one-half the maximum output voltage at the output of 
cycloconverter 42. Therefore, the proportional feedback loop of Fig. 5 is set up 
such that as the output voltage of cycloconverter 42 drops below 120 VAC, the 
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output of the proportional gain stage of the proportional feedback loop of Fig. 5 
reduces, causing the output voltage of cycloconverter 42 to increase, providing 
output voltage control for generator system 1 0. Comparable control is provided 
for cycloconverter 44. 

[0060] Referring to Figs. 1 and 2, as discussed, switch 46 is 
illustratively a relay and is illustratively controlled by a switch 62 on a front panel 
(not shown) of generator system 10. Switch 62 illustratively provides an input 
signal to DSP 28 that in turn controls switch 46. 

[0061] Operating cycloconverters 42, 44 in series or parallel doesn't 
present any particular problems. However, the transition between series and 
parallel operation requires careful timing control. 

[0062] DSP 28 controls the transition of generator system 10 between 
series (240/120 VAC) and parallel (120 VAC) operation. When switch 62 is 
thrown to switch generator system 10 from series (240/120 VAC) operation to 
parallel (120 VAC) operation, the outputs of one of first and second 
cycloconverters 42, 44 are disabled (i.e., all its SCRs are no longer turned on). 
After an appropriate delay, illustratively 3.5 electrical 60Hz or 50Hz cycles, that 
cycloconverter 42, 44 is re-enabled in phase with respect to the output voltage of 
the other cycloconverter 42, 44. Switch 46 is then closed. 

[0063] The transition from parallel (120 VAC) to series (240/120 VAC) 
operation is controlled by DSP 28 in similar fashion. When switch 62 is thrown to 
switch generator system 10 from parallel to series operation, switch 46 is 
immediately opened. The outputs of first and second cycloconverters 42, 44 are 
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both disabled (all their SCRs are no longer turned on). After an appropriate 
delay, illustratively 3.5 electrical 60Hz or 50Hz cycles, first and second 
cycloconverters are re-enabled with 180 degrees phase shift between their 
outputs. 

[0064] In an embodiment of the invention, a DSP 28 is provided to 
control cycloconverter 42 and a second DSP 28 is provided to control 
cycloconverter 44 with the two DSPs 28 linked via a high speed 2-way isolated 
serial communication link to handle the control between the first and second 
cycloconverters 42, 44. Illustratively, the DSP 28 for first cycloconverter 42 
defines the phasing of the 60 Hz output waveform to the DSP 28 for the second 
cycloconverter 44 and also provides output voltage and current measurement 
information to the DSP 28 for the second cycloconverter 44 to keep first 
cycloconverter 42 and second cycloconverter 44 synchronized. Each DSP 28 
may illustratively be a TMS320LC2402A available from Texas Instruments, Inc. 
of Dallas, Texas. 

[0065] In aspect of the invention, the true instantaneous zero current 
condition at the output of each cycloconverter 42, 44 may be detected indirectly 
by monitoring the three phase voltages output by permanent magnet generator 
14 to the first and second outputs of the respective cycloconverters 42, 44. This 
is done identically for both cycloconverters 42, 44, so it will be described with 
reference to cycloconverter 42. The voltages from the outputs 30, 32, 34, of 
permanent magnet generator 14 to the live and neutral outputs 48, 52 of 
cycloconverter 42 are sensed by sensing the voltages across each of the SCRs 
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of the positive and negative banks 204, 206 of cycloconverter 42. When the 
voltage across any of the SCRs of cycloconverter 42 is less than a certain 
absolute value, such as + 8 to 9 volts, this means that the SCR is conducting and 
the output current of the cycloconverter of which that SCR is part is not zero. 
When there is more than +8 to +9 volts or less than -8 to -9 volts across all the 
SCRs of cycloconverters 42, it means that all the SCRs of cycloconverter 42 are 
blocking and the output of cycloconverter 42 is at the zero current condition. This 
zero current condition is processed into a digital signal and input into DSP 28 
where it is used for bank changeover control as discussed above. Fig. 8 is a 
schematic of such a voltage sensing circuit 800 that senses the voltages across 
the SCRs of cycloconverter 42. Voltage sensing circuit 800 includes voltage 
sensing circuit 802 that senses the voltages across the SCRs identified as AT+, 
AT-, BT+, BT-, CT+ and CT- of positive and negative banks 204, 206 of 
cycloconverter 42 and voltage sensing circuit 804 that senses the voltages 
across the SCRs identified as AB+, AB-, BB+, BB-, CB+ and CB- of positive and 
negative banks 204, 206 of cycloconverter 42. 

[0066] In an aspect of the invention, the SCRs of positive and negative 
banks 204, 206 of cycloconverter 42 and 208, 210 of cycloconverter 44 are 
illustratively SCR/opto-SCR combinations. With reference to Fig. 7, a SCR/opto- 
SCR combination 700 is shown for the SCR of positive bank 204 of 
cycloconverter 42 identified as AT+. SCR/opto-SCR combination 700 has an 
SCR 702 having its anode coupled to output 30 of permanent magnet generator 
14 (Fig. 1) and its cathode coupled to output 48 of cycloconverter 42 (Fig. 1). A 
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gate of SCR 702 is coupled to the cathode of an opto-SCR 704. An anode of 
opto-SCR 704 is coupled through a resistor 706 to the anode of SCR 702. A 
gate light emitting diode 708 of opto-SCR 704 is coupled to an output of DSP 28. 
SCR 702 is illustratively a S6016R available from Teccor Electronics of Irving, 
Texas, and opto-SCR 704 is illustratively a TLP741J available from Toshiba 
America Electronic Components, Inc. of Irvine, CA. 

[0067] Figure 9 is a simplified schematic drawing of an aspect of 
the invention where a brushless DC drive circuit 900 is used in combination with 
generator system 10 (Fig. 1) to drive permanent magnet generator 14 for starting 
engine 12 (Fig. 1), similar to that which is described in the above referenced 
USSN 60/077219 "Starter System for Portable Internal Combustion Engine 
electric Generators Using a Portable Universal Battery Pack." Circuit 900 is a 
low voltage DC to AC 3-phase inverter that incorporates a Brushless 
DC/Permanent magnet generator (BLDC/PMG) starter control 902, and is 
powered directly by a battery, illustratively, a universal battery pack 903, such as 
a universal battery pack from the DEWALT XR PLUS (Extended Run Time) 
universal battery pack line. DC drive circuit 900 includes a power stage 904 that 
is electrically connectable to permanent magnet generator 14 through a 3-pole 
relay switch 906. Power stage 904 includes six identical power switching devices 
908a - 908f coupled across DC bus lines, or rails, 910 and 912. Power switching 
devices 908a and 908b are connected in series between bus lines 910 and 912 
having a center node 914 electrically connected to one pole of relay 906. Power 
switching devices 908c and 908d are connected in series between bus lines 910 
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and 912 having a center node 916 electrically connected to a second pole of 
relay 906. Power switching devices 908e and 908f are similarly connected in 
series between bus lines 910 and 912 having a center node 918 electrically 
connected to a third pole of relay 906. Six diodes 920a - 920f are respectively 
connected in parallel with switching devices 908a-908f, between bus lines 910 
and 912. Switching devices 908a - 908f may comprise a variety of suitable 
power switching components, for example field effect transistors (FET's), 
insulated gate bi-polar transistors (IGBTs), or metal oxide silicon field effect 
transistors (MOSFET's). 

[0068] The hall effect transducers 16, 18, 20 of permanent magnet 
generator 14 are connected to inputs of BLDC/PMG starter control 902. 
Additionally, DC drive circuit 250 includes a momentary starter switch 922 that 
controls the flow of current from universal battery pack 903 to BLDC/PMG starter 
control 902. 

[0069] In operation, engine 12 is initially at rest. Engine 12 is 
started by a user closing momentary start switch 922. The BLDC/PMG starter 
control 902 will then become energized by universal battery pack 903. Provided 
the hall effect transducers 16, 18, 20 indicate that either the speed of engine 12 
or the speed of permanent magnet generator 14 is less than a predetermined 
value, e.g. 500 rpm, 3-pole relay switch 906 will be energized by BLDC/PMG 
starter control 902, thereby connecting the 3-phase power stage 904 to 
permanent magnet generator 14. Utilizing information from hall effect 
transducers 16, 18, 20, BLDC/PMG starter control 902 turns the switching 
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devices 908a - 908f on and off to provide torque to engine 1 2 using electronic 
commutation of the first set 200 of 3-phase windings (or a tapped winding from 
such) within permanent magnet generator 14. Engine 12 will be turned by 
permanent magnet generator 14, driven as a motor in a "Motor Mode" by power 
stage 904 under control of BLDC/PMG starter control 902, to accelerate engine 
12 to a speed at which engine 12 starts. Once engine 12 has started, permanent 
magnet generator 14 is driven past a predetermined maximum speed, e.g. 500 
rpm, and 3-pole relay switch 906 will then be de-energized by BLDC/PMG starter 
control 902, thereby disconnecting power stage 904 from permanent magnet 
generator 14. Disconnecting power stage 904 avoids overdriving universal 
battery pack 903 and supplying excessive voltage to switching devices 908a - 
908f. Once the starting operation is complete, momentary start switch 922 is 
opened and BLDC/PMG starter control 902 ceases turning switching devices 
908a - 908f on and off. 

[0070] BLDC/PMG starter control 902 can be microprocessor based 
to simplify the electronic circuitry and to provide additional control features. 
Additional control features may include setting a maximum cranking time, e.g. 
five seconds, to avoid damage if momentary start switch 922 is held closed for 
too long, or not allowing starting when universal battery pack 903 does not have 
sufficient voltage to turn or start engine 12. Further control features provided by 
a microprocessor based BLDC/PMG starter control 902 include speed detection 
and control of 3-pole relay switch 906 to avoid overdriving universal battery pack 
903 and power stage 904, or setting an upper starting speed of permanent 
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magnet generator 14 regardless of the voltage of universal battery pack 903 by 
utilizing pulse width modulation control of switching devices 908a - 908f above a 
minimum speed. 

[0071] The description of the invention is merely exemplary in nature 
and, thus, variations that do not depart from the gist of the invention are intended 
to be within the scope of the invention. Such variations are not to be regarded as 
a departure from the spirit and scope of the invention. 
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